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gd T cells are an important innate source of inter-
leukin-17 (IL-17). In contrast to T helper 17 (Th17)
cell differentiation, which occurs in the periphery,
IL-17-producing gd T cells (gdT17 cells) are probably
committed during thymic development. To study
when gdT17 cells arise during ontogeny, we used
TcrdH2BeGFP reporter mice to monitor T cell re-
ceptor (TCR) rearrangement and IL-17 production
in the embryonic thymus. We observed that several
populations such as innate lymphoid cells and early
T cell precursors were able to produce IL-17 prior
to (and thus independent of) TCR recombination.
gdT17 cells were absent after transplantation of
IL-17-sufficient bone marrow into mice lacking both
Il17a and Il17f. Also, gdT17 cells were not generated
after genetic restoration of defectiveRag1 function in
adult mice. Together, these data suggested that
these cells developed exclusively before birth and
subsequently persisted in adult mice as self-renew-
ing, long-lived cells.
INTRODUCTION
T cells expressing the gd T cell receptor (TCR) are an important
innate source of the proinflammatory cytokines interleukin-17
(IL-17A) and IL-17F (Bonneville et al., 2010; Cua and Tato,
2010; O’Brien et al., 2009). In mice, IL-17-producing gd T cells
(gdT17 cells) are abundant in secondary lymphoid organs, as
well as in lung, liver, retina, and dermis (Cui et al., 2009; Kisielow
et al., 2008; Lockhart et al., 2006; Murdoch and Lloyd, 2010;
Simonian et al., 2009; Stark et al., 2005). In contrast to CD4+
Th17 cells, gdT17 cells can immediately respond to a variety of
stimuli including IL-23 and IL-1 and triggering of their TCR (Cua
and Tato, 2010; Haas et al., 2009; Lalor et al., 2011; Mills,
2008). Accordingly, IL-17 production by gd T cells has been
shown to play important roles in the defense against mucocuta-
neous infections (Cho et al., 2010) and other microbial infections48 Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc.(Hamada et al., 2008; Lockhart et al., 2006; Ribot et al., 2009;
Shibata et al., 2007). Furthermore, gdT17 cells are involved in
the pathology of experimental autoimmune encephalomyelitis
(Hirota et al., 2011; Petermann et al., 2010; Sutton et al., 2009),
in anticancer immune responses (Hayday, 2009; Ma et al.,
2011), and in the inflammatory processes associated with
ischemic brain injury (Shichita et al., 2009).
In humans, it is currently emerging that the cytokines IL-17A
and IL-17F are particularly important for control of mucocuta-
neous infections because their absence or mutations in their
signaling pathway lead to chronic mucocutaneous candidiasis
(Puel et al., 2011; van de Veerdonk et al., 2011). However, there
is only sparse information about the contribution of gd T cells to
human IL-17 production (DeBarros et al., 2011; Deknuydt et al.,
2009; Ness-Schwickerath et al., 2010; Peng et al., 2008). Of note,
human gdT17 cells appear to be crucial for immune responses in
young individuals (Caccamo et al., 2011; Moens et al., 2011).
Although it was shown that strong TCR engagement favors the
development of gd T cells precommitted to make interferon-g
(IFN-g) (Jensen et al., 2008), it is unclear whether development
of gdT17 cells is at all dependent on positive selection via TCR
signaling. Current hypotheses suggest that development of
gdT17 cells occurs either TCR independently (Jensen and Chien,
2009; Jensen et al., 2008) or requires a weak TCR signal (Turch-
inovich andHayday, 2011). Recent literature suggests thatgdT17
cells appear already in the embryonic thymus (Ribot et al., 2009)
and their number progressively decreases in adult mice with
age (Shibata et al., 2008). Although the embryonic ontogeny of
gd T cells is characterized by consecutive waves of gd T cells
with canonical combinations of Vg and Vd segments (Carding
and Egan, 2002; Dunon et al., 1997), the ability to produce
IL-17 does not appear to be restricted to cells with specific
VgVd chain pairs. Thus, gdT17 cells comprise semi-invariant
Vg6+ gd T cells as well as more polyclonal Vg1+ and Vg4+ cells
in lung, peritoneal cavity, and secondary lymphoid organs
(Romani et al., 2008; Shibata et al., 2007; Simonian et al.,
2009). Besides TCRengagement, other signals including interac-
tion with CD4 and CD8 double-positive thymocytes (Powolny-
Budnicka et al., 2011) or cytokines such as transforming growth
factor-b (TGF-b) (Do et al., 2010) may mediate the transition of
newly generated thymic CD24+CD44lo gd T cells to gdT17 cells
displaying an activated CD24CD44hi effector phenotype.
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Figure 1. Development of IL-17-Producing
gd T Cells
(A and B) Dot plots show intracellular IL-17A
staining of developing embryonic thymocytes
from C57BL/6 (A) or TcrdH2BeGFP (B) mice at
different days of gestation (E15.5–newborn) after
PMA and ionomycin stimulation in the presence of
brefeldin A.
(C and D) Overlays show gated IL-17+ cells (red) in
comparison to all cells (gray) from C57BL/6 (C)
or TcrdH2BeGFP (D) mice on different days of
gestation in a staining with CD44 versus the gdTCR
by mAb staining (C, clone GL3) or Tcrd-reporter
fluorescence (D).
(E) Schematic diagram depicts the different
developmental stages of T cells from early thymic
progenitors (ETPs, CD44higdTCR) via TCR re-
arrangement and either b-selection or gd T cell
expression based on CD44 and Tcrd-reporter
fluorescence.
(F) Overlays show gated IL-17+ cells (red) in
comparison to all cells (gray) on different days of
gestation (E16.5 to newborn) in a staining with
CD44 versus the respective Vg chains (Vg1, Vg4,
Vg6).
Data are representative of one out of two inde-
pendent experiments with 4–10 embryonic thymi
per day. See also Figure S3.
Immunity
IL-17 Controls Development of gdT17 CellsTo investigate the influence of IL-17 on the ontogeny of gdT17
cells, we produced mice deficient for both homologous cyto-
kines IL-17A and IL-17F by targeting and deleting the entire
Il17af locus (Il17af/ mice). To monitor de novo development
of gd T cells in adult thymi, mice in which Rag1 deficiency could
be reversed by conditional Cre-recombinase expression (Du¨ber
et al., 2009) were crossed with TcrdH2BeGFP reporter mice
(Prinz et al., 2006). We observed that gdT17 cells were generated
only within the embryonic thymus, suggesting that those whichImmunity 37, 4are found in adult mice are long-lived
and self-renewing. Furthermore, our
data may support the hypothesis that IL-
17 produced by Th17 cells, gdT17 cells,
and Thy1+ innate lymphoid cells provides
a negative feedback on the development
and homeostasis of gdT17 cells.
Together, our data suggest that the
embryonic thymus provides a unique
environment in which developing thymo-
cytes can acquire an innate capacity to
produce IL-17.
RESULTS
Development of IL-17-Producing gd
T Cells in the Embryonic Thymus
gd T cells are frequent among the T cells
that develop in the embryonic thymus
(Havran and Allison, 1988). Also, gd
T cells are known to be potent producers
of IL-17 (Roark et al., 2008). Here we used
intracellular cytokine staining of thymo-cytes from embryonic day 15.5 to day 18.5 after ex vivo stimula-
tion with phorbol myristate acetate (PMA) and ionomycin to find
out when developing gd T cells acquired the ability to produce
IL-17. IL-17-producing thymocytes were already present at
day E15.5 (Figure 1). Counterstaining with gdTCR mAb clone
GL3 (Figure 1A) as well as the use of reporter fluorescence of
the Tcrd locus in TcrdH2BeGFP mice (Figure 1B) revealed that
gd T cells with the capacity to produce IL-17 emerged around
day E16.5 (Figures 1A and 1B). Furthermore, we observed that8–59, July 27, 2012 ª2012 Elsevier Inc. 49
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Figure 2. Reconstitution of IL-17-Producing
ab but Not gd T Cells in Il17af–/– Hosts
by Bone Marrow Transplantation with
TcrdH2BeGFP gd Reporter Mice
Lethally irradiated Il17af/ mice were recon-
stituted with bone marrow from TcrdH2BeGFP
mice. Organs were analyzed 8–14 weeks after
bone marrow reconstitution.
(A) Representative intracellular IL-17A staining of
gd T cells in chimeras (right) compared to
TcrdH2BeGFP mice (left) derived from indicated
organs. Top panels exemplify the parent gates that
identify H2BeGFPhi gd T cells. Thymic gd T cells
were additionally gated on CD44+CD25 cells. Pie
charts in left panels show the relative contribution
of the indicated Vg chains to all IL-17+ gated gd
T cells.
(B) Flow cytometry analysis of gated gd T cells in
chimeras (right) compared to TcrdH2BeGFP mice
(left) for expression of CCR6 and CD27.
(C) Frequency of either Vg1 (top)- or Vg4 (bottom)-
expressing cells among all gd T cells in untreated
or chimeric mice.
Data are representative of four independent
experiments with three to six mice per group.
Either representative plots (B) or mean ± SD of four
(A) or pooled data from two (C) experiments is
shown. Statistically significant differences were
tested with the Mann-Whitney test (*p < 0.05;
**p < 0.01; ***p < 0.001). See also Figure S2.
Immunity
IL-17 Controls Development of gdT17 Cellsa fraction of fetal IL-17+ cells displayed a gdTCR phenotype
(Figures 1C and 1D). Based on our previous findings that inter-
mediate H2BeGFP expression indicates opening of the Tcrd
locus for TCR rearrangement (Prinz et al., 2006), it is conceivable
that developing T cell precursors with intermediate H2BeGFP
expression were actually able to produce IL-17 prior to their final
commitment to the gd or ab T cell lineage. A scheme how
H2BeGFP versus CD44 expression allows monitoring of T cell
development is depicted in Figure 1E. Notably, the presence of
IL-17+ cells with intermediate amounts of the H2BeGFP-reporter
fluorescence sharply declined at E18.5 and they were virtually
absent in thymi from newborn and adult mice (Figure 1D). The
TCR repertoire of developing IL-17+ gd T cells was biased toward
TCR containing Vg4 and Vg6 chains but also included Vg1+ TCR
(Figure 1F). Together, these observations suggest that the
embryonic thymus between E15.5 and E18.5 provides a50 Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc.unique window for gdT17 cell develop-
ment, possibly independent of TCR
rearrangement.
Reconstitution of Peripheral IL-17-
Producing ab but Not gd T Cells in
Il17af–/– Hosts by Bone Marrow
Chimerism
Next, we tested whether development of
gdT17 cells was confined to the embry-
onic thymus. To this end, we transplanted
bone marrow from IL-17-sufficient
donors into IL-17-deficient adult recipient
mice. To avoid redundancy of the highlyhomologous cytokines IL-17A and IL-17F, which are often core-
gulated and bind as homo- and heterodimers to common recep-
tors (Iwakura et al., 2011), we generated recipient mice deficient
for both cytokines. This was achieved by deleting a stretch of
46 kb in chromosome 1 comprising exons 2 and 3 of the syntenic
genes Il17a and Il17f in C57BL/6-derived embryonic stem cells
(Il17af/mice, see Figure S1 online available). 8–14 weeks after
reconstitution of lethally irradiated Il17af/ mice with bone
marrow from TcrdH2BeGFP mice, gd T cells were readily
detected in thymus and secondary lymphoid organs, as well as
in lung and liver of recipients (Figure 2A). However, gdT17 cells
were largely missing in these chimeras (Figure 2A). Likewise,
gdT17 cells were virtually absent in chimeric Il17af/ mice that
received bone marrow from C57BL/6 wild-type (WT) mice,
whereas absolute numbers and frequencies of IL-17-producing
abTCR+ lymphocytes were similar to WT controls (Figures
Immunity
IL-17 Controls Development of gdT17 CellsS2A–S2C). A notable exception was the thymus, where we
always detected a sizable proportion of gd T cells capable of
IL-17 production (Figure 2A). However, these thymic IL-17+ cells
in chimeras did not adopt the typical CCR6+CD27 phenotype of
genuine gdT17 cells (Figure 2B; Haas et al., 2009). Consistently,
donor-derived CCR6+CD27 gd T cells were also absent in the
periphery of bone marrow chimeras (Figure 2B). As predicted
from analysis of the TCR repertoire of gdT17 cells in embryonic
thymi (Figure 1F), the majority of gdT17 cells in adult mice dis-
played either Vg4 or Vg6 TCR chains in all organs analyzed but
this was not exclusive; a few gdT17 cells expressed other
Vg chains (Figure 2A, left column insets). Rearrangement of the
canonical Vg6+Vd1+ TCR occurs mainly in the embryonic thymus
(Carding and Egan, 2002; Dunon et al., 1997) and as will be
shown later, Vg6+ cells do not efficiently develop in adult thymi.
Thus it was not surprising that the Vg6+ fraction of gdT17 cells
were absent in bone marrow chimeras. In contrast, both Vg1+
and Vg4+ gd T cells were efficiently regenerated in the chimeras
(Figure 2C) but failed to show the cytokine profile or CCR6+
CD27 phenotype of gdT17 cells. However, there was a shift
from Vg4 to increased Vg1 chain usage among the regenerated
H2BeGFP+ donor gd T cells compared to untreated control mice
(Figure 2C).
To narrow down the temporal window that allows for develop-
ment of effector gdT17 cells, we investigated whether a neonatal
thymic environment in newbornmice still supported the develop-
ment of gdT17 cells. Therefore, neonatal Il17af/mice received
intrahepatic injections of lineage-negative bone marrow cells
from TcrdH2BeGFP mice. In line with our results from bone
marrow chimeras above, we observed that some donor-derived
H2BeGFP+ gd T cells were able to produce IL-17 in the thymus
but not in the periphery (Figure S3A). However, overall reconsti-
tution of CCR6+CD27 effector gdT17 cells was not possible by
neonatal transfer of T cell precursors (Figure S3B).
Next, we addressed whether embryonic T cell precursors
derived from day E13.5 fetal liver would be sufficient to sustain
the development of gdT17 cells in adult Il17af/ mice (Fig-
ure S3C). Again, we found no mature CCR6+CD27 effector
gdT17 cells although some donor-derived gd T cells were able
to produce IL-17 in the thymus (Figure S3C). Together, these
data suggest that functional CCR6+CD27 effector gdT17 cells
can not be regenerated after bone marrow transplantation in
adult mice.
Development of gdT17 Cells Requires an Embryonic
Thymus
To exclude potential irradiation effects and other confounding
factors arising during hematopoietic reconstitution, we next
employed an alternative system to test whether gd T cells devel-
oping in adult mice could acquire the capacity to produce IL-17.
We crossed TcrdH2BeGFP-reporter mice to recombination-
activating gene 1 (Rag1)-targeted mice (Du¨ber et al., 2009), in
which T and B cell development can be induced by tamoxifen
gavage (Indu-Rag1 3 Rosa26creERT2, here termed Indu-
Rag1) (Figure 3A). Induction of Rag1 expression in adult Indu-
Rag1 3 TcrdH2BeGFP mice permitted T cell development
(Figures S4A and S4B) and led to the rapid emergence of
H2BeGFP+ gd T cells in secondary lymphoid organs (Figure 3B).
Within 2 weeks of Rag1 induction, a large proportion of periph-eral lymph node (LN) cells were gd T cells (ranging from 2% to
10% of all lymphocytes) (Figure 3B). This high frequency might
be due to faster development of gd T cells compared to ab
T cells that need to pass through further thymic selection stages.
In line with our observations in bone marrow chimeras above,
induction of Rag1 expression in adult mice led to the generation
of both Vg1+ and Vg4+ gd T cells but Vg6+ T cells were largely
absent (Figures 3C and S4C). As previously described for bone
marrow chimeras, Vg7+ intestinal intraepithelial lymphocytes
could be fully regenerated (Figure 3D; Chennupati et al., 2010).
In contrast, resident dendritic epidermal gd T cells (DETCs),
regarded as prototype ‘‘embryonic wave’’ of specialized gd
T cells, could not be generated after Rag1 induction (Figure 3E).
Notably, we found that Rag1 induction in adult mice could not
induce de novo development of effector gdT17 cells (Figure 3F).
Accordingly, CCR6+CD27 gd T cells were absent after Rag1
induction (Figure S4D). Consistent with our observations in
bone marrow chimeras, Indu-Rag1 3 TcrdH2BeGFP mice
showed a shift from Vg4+ to increased Vg1+ cells (Figures S4E
and S4F). Taken together with the bone marrow chimeras, we
demonstrate that gdT17 cells are not produced in adult thymi
in two complementary experimental systems.
Finally, we evaluated the development of gdT17 cells in an
embryonic and adult thymus side by sidewithin the same animal.
To this end, we performed transplantations of embryonic day
E15.5 thymic lobes extracted from congenic CD45.1+ WT mice
under the kidney capsule of adult Indu-Rag1 3 TcrdH2BeGFP
mice and simultaneously induced Rag1 expression in host
T cell precursors by tamoxifen gavage (Figures 4 and S5A). After
2 weeks, CD45.2+ thymocytes of host origin including CD4 and
CD8 double and single positives could be detected in the grafted
thymic lobe (Figure S5B). After 5 weeks, already >97% of thymo-
cytes in grafted thymus were derived from CD45.2+ host precur-
sors (Figure S5C). Of note, comparison of thymus-graft-derived
CD45.1+H2BeGFP and host-derived CD45.2+H2BeGFP+ gd
T cells revealed that approximately 30%–50% of donor gd
T cells but none of host origin displayed a CCR6+CD27CD44hi
phenotype (Figure 4A) and were committed to produce IL-17
(Figures 4B and 4C). We noted a CCR6+CD44lo gd T cell popula-
tion derived from the adult progenitors, but these failed to
produce IL-17 upon stimulation. These cells might represent
an intermediate stage that failed to complete gdT17 cell differen-
tiation. The few CD45.2+ effector gdT17 cells detected in the
periphery of grafted mice were not significantly above back-
ground numbers detected in sham operated mice (Figure 4C).
Five weeks after transplantation, CCR6+CD27CD44hi cells
present in the adult mouse had exclusively developed from
embryonic donor thymocytes being present during transplanta-
tion and those were therefore long-lived. These data suggest
that entrance of adult T cell precursors into the transplanted
embryonic thymi was either too late to undergo an embryonic
differentiation program or that these were intrinsically different
compared to those few precursors already present at E15.5 in
the transplanted donor thymus, or both.
IL-17 Controls the Homeostasis and Generation
of CCR6+CD27– Effector gd T Cells
We next investigated the mechanisms that control development
and homeostasis of CCR6+CD27 gdT17 cells. Interestingly,Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc. 51
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in Adult Indu-Rag1 3 TcrdH2BeGFP Mice
Does Not Give Rise to gdT17 Cells, but to
IFN-g-Producing gd T Cells
(A) Schematic description of cre induction for the
recombination of exon 2 of the Rag1 gene.
Tamoxifen induction of cre expression rescues
Rag1 gene expression in T cells whose develop-
ment was blocked in the double-negative 3 stage
(DN3) in the thymus.
(B–E) Indu-Rag1 3 TcrdH2BeGFP mice were
inducedwith tamoxifen for 2 weeks at the age of 7–
10 weeks when analyzed.
(B) Frequencies of gd T cells among lymphocytes
in peripheral LNs in TcrdH2BeGFP mice, induced
or uninduced Indu-Rag1 3 TcrdH2BeGFP mice.
(C) Frequencies of different Vg chains among gd
T cells in either untreated TcrdH2BeGFP, induced
Indu-Rag13 TcrdH2BeGFPmice, or bonemarrow
chimeras.
(D) Intestinal intraepithelial lymphocytes (iIELs)
were isolated from the small intestines from either
TcrdH2BeGFP, induced, or uninduced Indu-Rag1
3 TcrdH2BeGFP mice and stained for Vg7Vd6.3.
Contour plots show gated gd T cells detected by
their TCRbH2BeGFPhi expression.
(E) Histological analysis of epidermal sheets from
ears of either TcrdH2BeGFP, induced, or unin-
duced Indu-Rag1 3 TcrdH2BeGFP mice stained
for CD3. H2BeGFP reporter fluorescence expres-
sion is shown in green.
(F) Intracellular staining for IL-17A+ in gated gd
T cells from Indu-Rag1 3 TcrdH2BeGFP mice
(lower) compared to TcrdH2BeGFP mice (top).
Data are representative from two (C, E), three (D,
F), or four (B) independent experiments with 2–3
(D–F) or 3–5 (B) mice per group. (B), (C), and (D)
show mean ± SD. See also Figure S4.
Immunity
IL-17 Controls Development of gdT17 Cellsa series of observations and experiments collectively pointed to
a critical role of IL-17 itself. An important clue came from the
analysis of Il17af/ mice. These show higher frequencies and
absolute numbers of gd T cells with a CCR6+CD27 effector
phenotype in thymus and peripheral organs when compared to
IL-17-sufficient littermates (Figures 5A and 5B). Elevated
frequencies of gd T cells among all lymphocytes in the absence
of IL-17 were due to a selective increase of CCR6+CD27 gd
T cells whereas absolute numbers of CCR6CD27+ gd T cells
were not altered (Figures 5B and 5C). Proliferation analysis re-
vealed a moderately higher turnover of CCR6+CD27 gd
T cells in Il17af/ compared to littermates. No difference was
observed for CCR6CD27+ gd T cells, of which only <5% incor-
porated bromodeoxyuridine (BrdU) during 4 days in the
periphery (Figure 5D). Only in the thymus, CCR6CD27+ gd
T cells showed an increased BrdU uptake, probably because52 Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc.this pool (in contrast to CCR6+ gd
T cells) was constantly replenished by
thymic de novo generation (Figure 5D).
Thus, a high turnover of CCR6+CD27
gd T cells might reflect their self-renewing
capacity, particularly in the absence of
IL-17. With the obvious exception oflacking IL-17 production, the CCR6+CD27 gd T cells in
Il17af/ mice were a phenocopy of WT CCR6+CD27 gd
T cells. Both did not produce IFN-g and were NK1.1 but Rorgt+
(Figures S6A–S6C). Deficiency of IL-17 was not compensated by
increased expression of IL-22 in knockout cells (Figure S6D).
To further assess the role of IL-17 in gdT17 cell development,
we next reconstituted lethally irradiated Thy1.1+ Il17af/ mice
with lineage-negative bone marrow derived from Thy1.2+
Il17af/ mice. We found that in the complete absence of
IL-17, donor-derived CCR6+CD27 effector gd T cells could
indeed be regenerated in adult mice making up to 2.9% and
4.0% in peripheral LN and spleen, respectively (Figure 6A, right
column). These frequencies are still lower than in untreated WT
mice but clearly higher than in chimeras reconstituted with
IL-17-sufficient bone marrow (Figure 6A, left column). Further-
more, we noted an increased proportion of CCR6+CD27 gd
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Figure 4. The Embryonic Thymus Is Neces-
sary for the Development of gdT17 Cells
Embryonic thymi from E15.5 C57BL/6 (CD45.1)
mice were transplanted under the renal capsule of
tamoxifen-induced Indu-Rag1 3 TcrdH2BeGFP
mice (age: 10 weeks) and analyzed 5 weeks later.
(A) Dot plots show flow cytometry data of surface
CCR6, CD27, and CD44 staining of CD45.1+
or CD45.2+ gd T cells identified either by their
gdTCR expression (CD45.1+GL3+CD3+) or by
their intrinsic H2BeGFP reporter gene expression
(CD45.2+ cells).
(B) Contour plots show intracellular IL-17A and
IFN-g staining of gd T cells from peripheral lymph
nodes gated on either CD45.1+ gd T cells or
CD45.2+ gd T cells.
(C) Scatter plots show percentages of IL-17A+
cells among embryonic thymus-derived gd T cells
(CD45.1) and host-derived gd T cells (CD45.2)
compared to sham operated mice.
Data are pooled from one of three independent
experiments with 1–3 mice per group and the
mean ± SD is shown (C). Statistically significant
differences were tested with a one-way ANOVA
with Tukey post-test (*p < 0.05; **p < 0.01). See
also Figure S5.
Immunity
IL-17 Controls Development of gdT17 CellsT cells among the residual host-derived Thy1.1+ cells that
survived lethal irradiation (Figure 6B) as compared to untreated
mice (compare Figures 2B and 5C). This suggests that
CCR6+CD27 gd T cells in peripheral lymphoid organs are rela-
tively radioresistant, similar to and presumably exchanging with
a recently identified population of radioresistant IL-17-producing
dermal gd T cells (Sumaria et al., 2011). In conclusion, the pres-
ence of gd T cells with a characteristic CCR6+CD27 phenotype
of IL-17-producing gd T cells in Il17af/ mice shows that the
cytokines IL-17A and IL-17F are not required for their develop-
ment. To the contrary, an overabundance of these cells in the
knockout as well as some albeit inefficient adult development
of CCR6+CD27 gd T cells in the absence of IL-17 suggest
that IL-17 itself may control the development and homeostasis
of gdT17 cells.
Restriction of Thymic gdT17 Cell Development by
IL-17-Producing ab T Cells and Innate Lymphoid Cells
Next, we explored the sources of IL-17, which may be restricting
de novo development of gdT17 cells in adult thymi. Therefore,
we reconstituted groups of lethally irradiated Il17af/ mice
with 1:1 mixtures of either Il17af/ and WT (Figure 6C, middle)
or Il17af/ and Tcra/ (Figure 6C, right) bone marrow. The
latter chimeras lacked IL-17-proficient ab T cells because normal
ab T cell development was possible only from Il17af/ precur-Immunity 37, 4sors. Notably, these chimeras allowed
adult generation of gdT17 cells to some
extent (Figure 6C, right). This suggests
that the presence of IL-17-producing ab
T cells may directly or indirectly inhibit
homeostasis and development of gdT17
cells. A possible mechanism could
involve a negative feedback through IL-17 as it was recently proposed to account for the expansion of
IL-17A-producing T cells in IL-17RA-deficient mice (Smith
et al., 2008). Indeed, we were able to detect expression of
IL-17RC, the specific receptor subunit for IL-17A and IL-17F, in
CCR6+CD27 but not in CCR6CD27+ gd T cells (Figure 6D).
These data further support the hypothesis that inhibition of
gdT17 cell development may actually depend on IL-17.
However, this raised the question of what would be the supply
of IL-17 in uninduced Indu-Rag1 mice where gdT17 cells were
also not properly produced after tamoxifen-induced Rag1
expression in adult mice. Looking for alternative sources of
IL-17 that inhibited thymic development of gdT17 cells, we iden-
tified a previously unrecognized population of IL-17-producing
Thy1+TCRb thymocytes in Rag1-deficient and uninduced
Indu-Rag1 mice (Figures 7A–7C). Further characterization of
these IL-17-producing cells revealed a CD44hiCD24 pheno-
type, reminiscent of ‘‘cluster B’’ effector gd T cells (Haas et al.,
2009; Prinz et al., 2006), and they expressed CCR6 but not
NK1.1 or CD117 (Figure 7D). Moreover, these cells showed
striking similarities with intestinal innate lymphoid cells present
in inflamed colons of Rag1-deficient mice (Buonocore et al.,
2010) as they stained positive for Sca-1 and negative for CD4
(Figure 7E). IL-17-producing cells in the thymus of Rag1-
deficient TcrdH2BeGFP reporter mice expressed the IL-7Ra
chain CD127 and displayed an intermediate expression of8–59, July 27, 2012 ª2012 Elsevier Inc. 53
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Figure 5. Deficiency of IL-17A and IL-17F Boosts the Amount
of CCR6+CD27– Effector gd T Cells
(A) Surface CCR6 and CD27 staining of gd T cells derived from the indicated
organs of Il17af/ mice (right) or heterozygous littermate Il17af+/ control
animals (left).
(B and C) Absolute cell numbers or percentages of gated gd T cells, CCR6+
CD27 (B, C), or CCR6CD27+ gd T cells (B) from Il17af/ mice (closed
circles) are compared to heterozygous littermate Il17af+/ controls (open
circles). Data are representative from one (A) or pooled from two (B, C) inde-
pendent experiments of >5 independent experiments with 4–6 mice per group
and mean ± SD is shown (B, C).
(D) Percentages of BrdU+ gd T cells in thymus, spleen, and peripheral lymph
nodes (pLNs) among CCR6+CD27 (blue) or CD27+CCR6 (red) cells
after continuous administration of BrdU for 4 days from Il17af/ mice
(colored squares) are compared to heterozygous littermate Il17af+/ controls
(colored circles).
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IL-17 Controls Development of gdT17 Cells
54 Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc.H2BeGFP (Figure 7F). This indicated that these innate IL-17-
producing cells in the thymus of Rag1-deficient mice had
opened their Tcrd locus (Prinz et al., 2006) and were in a devel-
opmental stage attempting to undergo TCR rearrangement. In
summary, this study shows that only the fetal thymus provides
a window of opportunity for the development of gdT17 cells.
These cells appear to acquire their capacity to produce IL-17
largely independent of TCR rearrangements.
DISCUSSION
In this work, we show that gd T cells acquire the capacity to
produce IL-17 in the embryonic thymus. After their development,
gdT17 cells disseminate in peripheral organs including LN,
spleen, liver, and lung, and some stay in the thymus (or recircu-
late). They are likely to comprise a recently identified population
of IL-17-producing dermal gd T cells (Gray et al., 2011; Kisielow
et al., 2008; Sumaria et al., 2011). Despite their uniform CCR6+-
CD44hiCD27 phenotype, populations of natural effector gdT17
cells are restricted neither to a particular canonical TCR chain
usage nor to a specific anatomical location. Although gdT17 cells
are mainly Vg4+ and Vg6+, other TCR rearrangements are also
observed. This puts them in contrast to established ‘‘waves’’ of
gd T cell development, which are defined by invariant TCR rear-
rangements and by specific organ tropism (Carding and Egan,
2002; Dunon et al., 1997). Those ‘‘classical gd T cell waves’’
include Vg5+Vd1+ DETCs (Asarnow et al., 1988; Havran and
Allison, 1988), Vg6+Vd1+ intraepithelial cells of tongue and
female reproductive tract (Itohara et al., 1990), Vg7+ intraepithe-
lial cells of the small intestine (Asarnow et al., 1989; Itohara et al.,
1990; Takagaki et al., 1989), and Vg1+Vd6+ cells in the liver
(Gerber et al., 1999). On the contrary, generation of gdT17 cells
appears to be best described as a polyclonal ‘‘functional embry-
onic wave,’’ defined rather by a temporal window of opportunity
than by specific Vg chain usage. Whereas most Vg6+ cells
display a gdT17 phenotype, Vg4+ cells are more heterogenous
and the IL-17AIFN-g+ fraction of Vg4+ cells can be efficiently
generated in adult mice. Thus, global gene expression analyses
of gd T cell subsets as recently published by the ImmGen
consortium (Narayan et al., 2012) may benefit from further refine-
ment. In addition to gd T cell classification by Vg usage, future
approaches may yield a sharper delineation of functional
subsets if these were sorted according to expression of markers
such as CCR6 and CD27.
Several experimental strategies, including comparison of
simultaneous de novo development of T cells in an adult and
an ectopic embryonic thymuswithin the same animal, suggested
that physiological development of CCR6+CD27 gdT17 cells is
terminated before birth and that these cells subsequently persist
as a long-lived, self-renewing population. Such long-term persis-
tence even in the thymus reconciles our data with a previous
study by Shibata et al. (2008) on the ontogeny of gdT17 cells,
which reported a peak of gdT17 cells in the perinatal periodData represent three to four mice per group and data point. Mean ± SD
is shown (D). Mice were 8–12 weeks old. Statistically significant differences
were tested with the Mann-Whitney test (*p < 0.05; **p < 0.01; ***p < 0.001).
See also Figure S6.
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Figure 6. IL-17 Induces a Negative Feed-
back on IL-17-Producing gd T Cells
(A and B) Lethally irradiated Il17af/ mice
(Thy1.1+, recipients) were reconstituted with
Thy1.2+, donor bone marrow from Il17af+/+ (left) or
from Il17af/ (right). After 8–10 weeks, donor
Thy1.2+ (A) or residual recipient Thy1.1+ (B) cells
were separately analyzed for frequencies of
CCR6+CD27 or CCR6CD27+ gd T cells.
(C) Real-time qPCR with primers for Il17rc on
ex vivo sorted CCR6+CD44hi and CD27+CCR6 gd
T cells from mixed spleen and peripheral lymph
nodes of either C57BL/6 or Il17af/. Each dot
represents one independent experiment with
15–20 mice per sort.
(D) Lethally irradiated Il17af/ mice were recon-
stituted with either a 1:1 mix of WT and Il17af/
bone marrow (middle) or a 1:1 mix of Tcra/ and
Il17af/ bone marrow (right) and were compared
to control animals (left). Intracellular IL-17A staining
of gated gd T cells in peripheral lymph nodes (LNs),
spleen, lung, and liver. During bone marrow
reconstitution, mice were 8–12 weeks old.
Error bars indicate SD (A–C). Data are representa-
tive from one (A, B) or three (C, D) independent
experiments with four to five mice per group.
Immunity
IL-17 Controls Development of gdT17 Cellsbut also found these cells in the thymus of 2-month-old mice. In
fact, extensive thymic persistence was also found for classical
CD1d-restricted NKT cells (Benlagha et al., 2005) and for
innate-like Thy-1loNK1.1+ Vg1+Vd6+ cells (Grigoriadou et al.,
2003). Thus, it appears to be a typical feature of innate lympho-
cytes. Furthermore, our study revealed a higher turnover of
CCR6+CD27 gdT17 cells compared to CCR6CD27+ gd
T cells. At first sight, this is at odds with a former study (Ribot
et al., 2009). Whereas that study investigated the expansion
potential of CD27 andCD27+ gd T cells after ex vivo stimulation,
our data reflected steady-state proliferation in vivo.
In addition to longevity and self-renewal, analysis of bone
marrow chimeras revealed that CCR6+CD27 gdT17 cells were
relatively radioresistant compared to CD27+ gd T cells. This
may explain the recently discovered radioresistance of dermal
gd T cells (Gray et al., 2011; Sumaria et al., 2011), among which
gdT17 cells are very frequent. Persistence, longevity, and self-
renewal together shape a stem cell-like phenotype for gdT17Immunity 37, 4cells, which is an interesting parallel to
a recent study that portrayed a stem
cell-like molecular signature in Th17-
polarized ab T cells (Muranski et al., 2011).
The present work establishes that
IL-17-producing gd T cells cannot be effi-
ciently generated in adult mice. However,
there are notable exceptions to this rule. It
was recently proposed that intravenous
injection of neonatal thymocyte suspen-
sions could restore gdT17 cells in adult
recipient mice (Gray et al., 2011) and
this potential was attributed to neonatal
T cell precursors. An alternative inter-
pretation of those results might be thattheir adoptively transferred suspension already contained the
matured cell population, i.e., long-lived and self-renewing
gdT17 cells and not their precursors. In our study, a sizable
proportion of thymic but not peripheral gd T cells were appar-
ently able to produce IL-17 in bone marrow chimeras or after
Rag1 induction in adult Indu-Rag1 3 TcrdH2BeGFP mice but
did not acquire the CCR6+CD27 surface phenotype of mature
IL-17 producers. It is currently unclear whether these cells failed
to undergo complete differentiation and thus could not leave the
thymus or whether they adopted a different phenotype before
doing so. A hint may come from a recent study showing that
thymic IL-17-producing gd T cells developed in the absence of
RORgt but failed to populate the periphery (Shibata et al.,
2011). Second, numbers of adult thymus-derived CCR6+CD27
gdT17 cells were very low, sometimes ‘‘virtually absent’’ but
never actually zero. Although tightly regulated, some individual
CCR6+CD27 gdT17 cells were thus able to circumvent a poten-
tial mechanism restricting their development in adult thymi.8–59, July 27, 2012 ª2012 Elsevier Inc. 55
Thy1.2
IL
-1
7
A
TCRb
IL
-1
7
A
0
103
104
105
0 103 104 105
0
103
104
105
0 103 104 105
Rag–/– Indu-Rag1
uninduced
0.42 0.67
0 103 104 105
0 103 104 105
CD44            CD24              CCR6              NK1.1              CD117
IL
-1
7
A
Indu-Rag1xTcrdH2BeGFP uninduced
T
h
y
m
u
s
T
h
y
m
u
s
T
h
y
m
u
s
0
103
104
105
0 10
3
10
4
10
5
0 10
3
10
4
10
5
0 10
3
10
4
10
5
0 10
3
10
4
10
5
0 10
3
10
4
10
5
0.321 0.814
0
0.5
1.0
1.5
2.0
2.5
IL
-1
7
A
+
 t
h
y
m
o
c
y
te
s
 x
1
0
4
Rag–/–
Indu-Rag1
ns
0.51 0.51 0.48 0.51 0.52
IL
-1
7
A
0
103
104
105
0 103 104 105 0 103 104 105
CD4                         Sca-1
0.671
0.486
CD127
0
20
40
60
80
100
%
 o
f 
M
a
x
H2BeGFP
0 103 104 105 0 103 104 105
IL-17A+ cells
T
h
y
m
u
s
102102
A
B
C
D
E F
Figure 7. Innate Lymphoid Cells Produce
IL-17 in the Thymus of Rag1-Deficient Mice
(A and B) Thymocytes from cre-negative Indu-
Rag1 3 TcrdH2BeGFP mice (Rag1-KO) (A, B)
and Indu-Rag1 3 TcrdH2BeGFP mice (Indu-
Rag1 uninduced, Cre-positive) (A–F) were stained
for the indicated surface markers and plotted
versus intracellular IL-17A after PMA and ion-
omycin stimulation for 4 hr in the presence of
brefeldin A.
(C) Scatter plot shows total numbers of IL-17A+
thymocytes in Rag-KO compared to Indu-Rag1 3
TcrdH2BeGFP mice; each point is one mouse,
mean ± SD and Mann-Whitney test is shown.
(D and E) Contour plots show intracellular staining
of thymocytes for IL-17A versus indicated surface
markers.
(F) Histograms show CD127 orH2BeGFP-reporter
gene expression of IL-17A+ thymocytes from
uninduced Indu-Rag1 3 TcrdH2BeGFP mice.
Grey overlays are ‘‘fluorescence minus one’’
(FMO) controls. Mice were 10–14 weeks old.
Data are representative of three (A, B, D–F) inde-
pendent experiments with two to four mice per
group.
Immunity
IL-17 Controls Development of gdT17 CellsIt is conceivable that IL-17-producing ab T cells negatively
regulate gdT17 cell development because the latter partially
occurred in mixed chimeras lacking IL-17-proficient ab T cells.
A potential negative feedback involving IL-17 is further sup-
ported by the data showing that the complete absence of
IL-17 in Il17af/ mice boosted the development of Rorgt+
CCR6+CD27 gd T cells with a phenotype of ‘‘wannabe IL-17
producers.’’
Development of gdT17 cells was also not observed in adult
Indu-Rag1 3 TcrdH2BeGFP mice. There, not only mature
T cells but also double-positive CD4+CD8+ thymocytes were
absent before Rag1 induction. Hence, it is fair to state that
ab Th17 cells were not required to suppress gdT17 cell develop-
ment in that model. Other sources of thymic IL-17 may have
contributed to directly or indirectly inhibit gdT17 cell develop-
ment. Indeed, we were able to identify a thymic population of
IL-17-producing innate lymphoid cells. It remains to be deter-
mined how far these thymocytes overlap with a very recently
described population of thymic population of IL-22-producing
innate lymphoid cells (Dudakov et al., 2012). Also, it is not clear
whether they might be genuine thymic precursors of Thy1+56 Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc.Sca-1+ innate IL-17 producers found in
the intestine of Rag1/mice (Buonocore
et al., 2010). A resulting important ques-
tion is to what extent such IL-17-
producing innate lymphoid cells are
present in Rag1-proficient animals. At
least in part, analysis of fetal thymi from
TcrdH2BeGFP mice gave a clue. There,
already at day E15.5 a large fraction of
thymic IL-17-producing cells showed
intermediate H2BeGFP-reporter fluores-
cence, indicative of an open Tcrd locus
ready for TCR-V(D)J rearrangements.However, we do not formally establish any precursor-product
relationship between CD44hiGFP or CD44loGFPint thymocytes
and gdT17 cells. The former IL-17+ populations may make abor-
tive rearrangements and could constitute a dead end in T cell
differentiation. Nevertheless, it is tempting to speculate that early
embryonic thymocytes acquire the capacity to produce IL-17
prior to and independent of TCR rearrangement.
The idea that acquisition of IL-17 production capacity and
gdTCR rearrangement are not linked is consistent with previous
conclusions that gdT17 cell development is restricted to
‘‘antigen-naive’’ cells (Jensen et al., 2008). In fact, positive TCR
selection rather commits thymic gd T cells to an IFN-g-producing
effector fate characterized by suppression of Sox13 and Rorgt
and induction of Egr3 (Turchinovich and Hayday, 2011). Accord-
ingly, DETCs, which are a prototype of ‘‘ligand-experienced’’ gd
T cells (Jensen et al., 2008; Lewis et al., 2006; Xiong et al., 2004),
explicitly lack the potential to produce IL-17 and rather secrete
IFN-g upon stimulation. Of note, quite the opposite seems to
be true for selection of natural IL-17-producing ab T cells, which
are suggested to require a self-reactive TCR during thymic
development (Marks et al., 2009).
Immunity
IL-17 Controls Development of gdT17 CellsWhen correlating a gdT17 cell effector fate with the absence
of TCR signaling or selection, it is noteworthy that intestinal gd
intestinal epithelial lymphocytes (IELs) lack the potential to
make IL-17 (Malinarich et al., 2010) although there is no evidence
for positive selection of intestinal gdIELs (Jensen et al., 2009).
This leaves three possibilities, namely either (1) intestinal gdIELs
mature outside the thymus (Lambolez et al., 2006) where signals
required for precommitment to IL-17 production are missing, (2)
they undergo positive TCR selection, or (3) thymic gdIEL devel-
opment occurs too late to provide embryonic imprinting toward
IL-17-producing capacity. At present, it is unclear which TCR-
independent signals are required to induce gdT17 cells in the
embryonic thymus. Signals via TGF-b (Do et al., 2010), B cell-
specific Src family kinase, B lymphoid kinase (Laird et al.,
2010), RelA and RelB transcription factors (Powolny-Budnicka
et al., 2011), and the Notch-Hes1 pathway (Shibata et al.,
2011) have been shown to contribute. It remains to be deter-
mined whether gdT17 cell development and function depends
on the same network of essential transcription factors regulating
Th17 cell specification, i.e., Rorgt, STAT3, IRF-4, and BATF
(M. Ciofani and D. Littman, personal communication).
In summary, our study demonstrates that only an embryonic
thymus provides conditions that can prewire gd T cells to IL-17
production. The underlying mechanisms are probably indepen-
dent of TCR rearrangement and by extrapolation also of TCR
selection. Although gdT17 cells are self-renewing and persistent,
they may have evolved as a first set of innate IL-17-producing
T cells that is progressively replaced by adaptive T cells during
the first decade after birth. This hypothesis may reconcile the
different roles ascribed to gdT17 cells in mice and young humans
as compared to human adults.
EXPERIMENTAL PROCEDURES
Mice
8- to 14-week-old mice were used throughout the study; all mice were on
C57BL/6 genetic background. Experiments were carried out according
to institutional guidelines approved by the Niedersa¨chsisches Landesamt
fu¨r Verbraucherschutz und Lebensmittelsicherheit. Il17af/mice were gener-
ated with C57BL/6 Bruce4 ES cells as illustrated in Figure S1. In contrast to
a recent report on a related model (Ishigame et al., 2009), Il17af/ mice
appeared healthy and showed no opportunistic infections. This discrepancy
may be explained by different housing conditions or different genetic back-
grounds. TcrdH2BeGFP mice have been described (Prinz et al., 2006). Indu-
Rag1 mice (Du¨ber et al., 2009) were crossed to TcrdH2BeGFP to obtain
tamoxifen-inducible Indu-Rag1 3 TcrdH2BeGFP mice. Conditional Rag1
expression was facilitated by introducing one allele of Rosa26creERT2
(Hameyer et al., 2007).
Generation of Bone Marrow Chimeras and Fetal Liver Chimeras
Recipients for the generation of chimeras were lethally (9 Gy) irradiated
Il17af/mice. 1–2 3 107 lin bone marrow cells were injected into the lateral
tail vein within 24 hr postirradiation. Bone marrow cells were isolated from
femurs and tibia of C57BL/6 (Thy1.2), B6.129S2-Tcra < tm1Mom > /J
(Thy1.2), C57BL/6-TcrdH2BeGFP (Thy1.2), and C57BL/6 IL17af/ (Thy1.1
or Thy1.2) mice. Fetal liver from embryonic day 13.5 was isolated from
TcrdH2BeGFP mice and single-cell suspensions (300 ml per fetal liver)
prepared.
Embryonic Thymus Transplantation
Fetal embryonic day E15–E16 thymic lobes fromCD45.1+WTmicewere trans-
planted under the kidney capsules of Indu-Rag1 3 TcrdH2BeGFP mice
(CD45.2+). cre expression in recipient mice was induced by tamoxifen gavage1 hr before transplantation. Animals were treated with prophylactic antibiotics
(Cotrimoxazol) and pain killers (Novaminsulfon; ratiopharm) during the initial
2 weeks.
SUPPLEMENTAL INFORMATION
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10.1016/j.immuni.2012.06.003.
ACKNOWLEDGMENTS
This work was supported by the Deutsche Forschungsgemeinschaft, grants
DFG-PR727-2.1 and SFB621-A14 (I.P.). J.D.H., V.C., L.F., E.K., and I.S.
were supported by Hannover Biomedical Research School. We thank
B. Malissen, F. Weih, T. Kamradt, E. Tolosa, O. Pabst, G. Bernhardt,
L. Moschovakis, and C. Ko¨necke for advice, P. Pereira and R. Tigelaar for
mAb, A. Berns for providing Rosa26creERT2 mice, and M. Herberg for help
with animal caretaking. We would like to acknowledge the assistance of the
Cell Sorting Core Facility of the Hannover Medical School.
Received: August 25, 2011
Revised: March 7, 2012
Accepted: June 7, 2012
Published online: July 5, 2012
REFERENCES
Asarnow, D.M., Kuziel, W.A., Bonyhadi, M., Tigelaar, R.E., Tucker, P.W., and
Allison, J.P. (1988). Limited diversity of gamma delta antigen receptor genes
of Thy-1+ dendritic epidermal cells. Cell 55, 837–847.
Asarnow, D.M., Goodman, T., LeFrancois, L., and Allison, J.P. (1989). Distinct
antigen receptor repertoires of two classes of murine epithelium-associated
T cells. Nature 341, 60–62.
Benlagha, K., Wei, D.G., Veiga, J., Teyton, L., and Bendelac, A. (2005).
Characterization of the early stages of thymic NKT cell development. J. Exp.
Med. 202, 485–492.
Bonneville, M., O’Brien, R.L., and Born, W.K. (2010). Gammadelta T cell
effector functions: a blend of innate programming and acquired plasticity.
Nat. Rev. Immunol. 10, 467–478.
Buonocore, S., Ahern, P.P., Uhlig, H.H., Ivanov, I.I., Littman, D.R., Maloy, K.J.,
and Powrie, F. (2010). Innate lymphoid cells drive interleukin-23-dependent
innate intestinal pathology. Nature 464, 1371–1375.
Caccamo, N., La Mendola, C., Orlando, V., Meraviglia, S., Todaro, M., Stassi,
G., Sireci, G., Fournie´, J.J., and Dieli, F. (2011). Differentiation, phenotype, and
function of interleukin-17-producing human Vg9Vd2 T cells. Blood 118,
129–138.
Carding, S.R., and Egan, P.J. (2002). Gammadelta T cells: functional plasticity
and heterogeneity. Nat. Rev. Immunol. 2, 336–345.
Chennupati, V., Worbs, T., Liu, X., Malinarich, F.H., Schmitz, S., Haas, J.D.,
Malissen, B., Fo¨rster, R., and Prinz, I. (2010). Intra- and intercompartmental
movement of gammadelta T cells: intestinal intraepithelial and peripheral
gammadelta T cells represent exclusive nonoverlapping populations with
distinct migration characteristics. J. Immunol. 185, 5160–5168.
Cho, J.S., Pietras, E.M., Garcia, N.C., Ramos, R.I., Farzam, D.M., Monroe,
H.R., Magorien, J.E., Blauvelt, A., Kolls, J.K., Cheung, A.L., et al. (2010).
IL-17 is essential for host defense against cutaneous Staphylococcus aureus
infection in mice. J. Clin. Invest. 120, 1762–1773.
Cua, D.J., and Tato, C.M. (2010). Innate IL-17-producing cells: the sentinels of
the immune system. Nat. Rev. Immunol. 10, 479–489.
Cui, Y., Shao, H., Lan, C., Nian, H., O’Brien, R.L., Born, W.K., Kaplan, H.J., and
Sun, D. (2009). Major role of gamma delta T cells in the generation of IL-17+
uveitogenic T cells. J. Immunol. 183, 560–567.
DeBarros, A., Chaves-Ferreira, M., d’Orey, F., Ribot, J.C., and Silva-Santos, B.
(2011). CD70-CD27 interactions provide survival and proliferative signals thatImmunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc. 57
Immunity
IL-17 Controls Development of gdT17 Cellsregulate T cell receptor-driven activation of human gd peripheral blood
lymphocytes. Eur. J. Immunol. 41, 195–201.
Deknuydt, F., Scotet, E., and Bonneville, M. (2009). Modulation of inflamma-
tion through IL-17 production by gammadelta T cells: mandatory in themouse,
dispensable in humans? Immunol. Lett. 127, 8–12.
Do, J.S., Fink, P.J., Li, L., Spolski, R., Robinson, J., Leonard, W.J., Letterio,
J.J., and Min, B. (2010). Cutting edge: spontaneous development of IL-17-
producing gamma delta T cells in the thymus occurs via a TGF-beta 1-depen-
dent mechanism. J. Immunol. 184, 1675–1679.
Du¨ber, S., Hafner, M., Krey, M., Lienenklaus, S., Roy, B., Hobeika, E., Reth, M.,
Buch, T., Waisman, A., Kretschmer, K., and Weiss, S. (2009). Induction of
B-cell development in adult mice reveals the ability of bonemarrow to produce
B-1a cells. Blood 114, 4960–4967.
Dudakov, J.A., Hanash, A.M., Jenq, R.R., Young, L.F., Ghosh, A., Singer, N.V.,
West, M.L., Smith, O.M., Holland, A.M., Tsai, J.J., et al. (2012). Interleukin-22
drives endogenous thymic regeneration in mice. Science 336, 91–95.
Dunon, D., Courtois, D., Vainio, O., Six, A., Chen, C.H., Cooper, M.D., Dangy,
J.P., and Imhof, B.A. (1997). Ontogeny of the immune system: gamma/delta
and alpha/beta T cells migrate from thymus to the periphery in alternating
waves. J. Exp. Med. 186, 977–988.
Gerber, D.J., Azuara, V., Levraud, J.P., Huang, S.Y., Lembezat, M.P., and
Pereira, P. (1999). IL-4-producing gamma delta T cells that express a very
restricted TCR repertoire are preferentially localized in liver and spleen.
J. Immunol. 163, 3076–3082.
Gray, E.E., Suzuki, K., and Cyster, J.G. (2011). Cutting edge: Identification of
a motile IL-17-producing gammadelta T cell population in the dermis.
J. Immunol. 186, 6091–6095.
Grigoriadou, K., Boucontet, L., and Pereira, P. (2003). Most IL-4-producing
gamma delta thymocytes of adult mice originate from fetal precursors.
J. Immunol. 171, 2413–2420.
Haas, J.D., Gonza´lez, F.H., Schmitz, S., Chennupati, V., Fo¨hse, L., Kremmer,
E., Fo¨rster, R., and Prinz, I. (2009). CCR6 and NK1.1 distinguish between
IL-17A and IFN-gamma-producing gammadelta effector T cells. Eur. J.
Immunol. 39, 3488–3497.
Hamada, S., Umemura, M., Shiono, T., Tanaka, K., Yahagi, A., Begum, M.D.,
Oshiro, K., Okamoto, Y., Watanabe, H., Kawakami, K., et al. (2008). IL-17A
produced by gammadelta T cells plays a critical role in innate immunity against
Listeria monocytogenes infection in the liver. J. Immunol. 181, 3456–3463.
Hameyer, D., Loonstra, A., Eshkind, L., Schmitt, S., Antunes, C., Groen, A.,
Bindels, E., Jonkers, J., Krimpenfort, P., Meuwissen, R., et al. (2007).
Toxicity of ligand-dependent Cre recombinases and generation of a condi-
tional Cre deleter mouse allowing mosaic recombination in peripheral tissues.
Physiol. Genomics 31, 32–41.
Havran, W.L., and Allison, J.P. (1988). Developmentally ordered appearance of
thymocytes expressing different T-cell antigen receptors. Nature 335,
443–445.
Hayday, A.C. (2009). Gammadelta T cells and the lymphoid stress-surveillance
response. Immunity 31, 184–196.
Hirota, K., Duarte, J.H., Veldhoen, M., Hornsby, E., Li, Y., Cua, D.J., Ahlfors, H.,
Wilhelm, C., Tolaini, M., Menzel, U., et al. (2011). Fate mapping of IL-17-
producing T cells in inflammatory responses. Nat. Immunol. 12, 255–263.
Ishigame, H., Kakuta, S., Nagai, T., Kadoki, M., Nambu, A., Komiyama, Y.,
Fujikado, N., Tanahashi, Y., Akitsu, A., Kotaki, H., et al. (2009). Differential roles
of interleukin-17A and -17F in host defense against mucoepithelial bacterial
infection and allergic responses. Immunity 30, 108–119.
Itohara, S., Farr, A.G., Lafaille, J.J., Bonneville, M., Takagaki, Y., Haas, W., and
Tonegawa, S. (1990). Homing of a gamma delta thymocyte subset with homo-
geneous T-cell receptors to mucosal epithelia. Nature 343, 754–757.
Iwakura, Y., Ishigame, H., Saijo, S., and Nakae, S. (2011). Functional special-
ization of interleukin-17 family members. Immunity 34, 149–162.
Jensen, K.D., and Chien, Y.H. (2009). Thymic maturation determines gamma-
delta T cell function, but not their antigen specificities. Curr. Opin. Immunol. 21,
140–145.58 Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc.Jensen, K.D., Su, X., Shin, S., Li, L., Youssef, S., Yamasaki, S., Steinman, L.,
Saito, T., Locksley, R.M., Davis, M.M., et al. (2008). Thymic selection deter-
mines gammadelta T cell effector fate: antigen-naive cells make interleukin-
17 and antigen-experienced cells make interferon gamma. Immunity 29,
90–100.
Jensen, K.D., Shin, S., and Chien, Y.H. (2009). Cutting edge: Gammadelta in-
traepithelial lymphocytes of the small intestine are not biased toward thymic
antigens. J. Immunol. 182, 7348–7351.
Kisielow, J., Kopf, M., and Karjalainen, K. (2008). SCART scavenger receptors
identify a novel subset of adult gammadelta T cells. J. Immunol. 181, 1710–
1716.
Laird, R.M., Laky, K., and Hayes, S.M. (2010). Unexpected role for the B cell-
specific Src family kinase B lymphoid kinase in the development of IL-17-
producing gd T cells. J. Immunol. 185, 6518–6527.
Lalor, S.J., Dungan, L.S., Sutton, C.E., Basdeo, S.A., Fletcher, J.M., and Mills,
K.H. (2011). Caspase-1-processed cytokines IL-1beta and IL-18 promote IL-
17 production by gammadelta and CD4 T cells that mediate autoimmunity.
J. Immunol. 186, 5738–5748.
Lambolez, F., Arcangeli, M.L., Joret, A.M., Pasqualetto, V., Cordier, C., Di
Santo, J.P., Rocha, B., and Ezine, S. (2006). The thymus exports long-lived
fully committed T cell precursors that can colonize primary lymphoid organs.
Nat. Immunol. 7, 76–82.
Lewis, J.M., Girardi, M., Roberts, S.J., Barbee, S.D., Hayday, A.C., and
Tigelaar, R.E. (2006). Selection of the cutaneous intraepithelial gammadelta+
T cell repertoire by a thymic stromal determinant. Nat. Immunol. 7, 843–850.
Lockhart, E., Green, A.M., and Flynn, J.L. (2006). IL-17 production is domi-
nated by gammadelta T cells rather than CD4 T cells during Mycobacterium
tuberculosis infection. J. Immunol. 177, 4662–4669.
Ma, Y., Aymeric, L., Locher, C., Mattarollo, S.R., Delahaye, N.F., Pereira, P.,
Boucontet, L., Apetoh, L., Ghiringhelli, F., Casares, N., et al. (2011).
Contribution of IL-17-producing gamma delta T cells to the efficacy of anti-
cancer chemotherapy. J. Exp. Med. 208, 491–503.
Malinarich, F.H., Grabski, E., Worbs, T., Chennupati, V., Haas, J.D., Schmitz,
S., Candia, E., Quera, R., Malissen, B., Fo¨rster, R., et al. (2010). Constant
TCR triggering suggests that the TCR expressed on intestinal intraepithelial
gd T cells is functional in vivo. Eur. J. Immunol. 40, 3378–3388.
Marks, B.R., Nowyhed, H.N., Choi, J.Y., Poholek, A.C., Odegard, J.M., Flavell,
R.A., and Craft, J. (2009). Thymic self-reactivity selects natural interleukin 17-
producing T cells that can regulate peripheral inflammation. Nat. Immunol. 10,
1125–1132.
Mills, K.H. (2008). Induction, function and regulation of IL-17-producing T cells.
Eur. J. Immunol. 38, 2636–2649.
Moens, E., Brouwer, M., Dimova, T., Goldman, M., Willems, F., and Vermijlen,
D. (2011). IL-23R and TCR signaling drives the generation of neonatal
Vgamma9Vdelta2 T cells expressing high levels of cytotoxic mediators and
producing IFN-gamma and IL-17. J. Leukoc. Biol. 89, 743–752.
Muranski, P., Borman, Z.A., Kerkar, S.P., Klebanoff, C.A., Ji, Y., Sanchez-
Perez, L., Sukumar, M., Reger, R.N., Yu, Z., Kern, S.J., et al. (2011). Th17 cells
are long lived and retain a stem cell-like molecular signature. Immunity 35,
972–985.
Murdoch, J.R., and Lloyd, C.M. (2010). Resolution of allergic airway inflamma-
tion and airway hyperreactivity is mediated by IL-17-producing gammadeltaT
cells. Am. J. Respir. Crit. Care Med. 182, 464–476.
Narayan, K., Sylvia, K.E., Malhotra, N., Yin, C.C., Martens, G., Vallerskog, T.,
Kornfeld, H., Xiong, N., Cohen, N.R., Brenner, M.B., et al; Immunological
Genome Project Consortium. (2012). Intrathymic programming of effector
fates in three molecularly distinct gd T cell subtypes. Nat. Immunol. 13,
511–518.
Ness-Schwickerath, K.J., Jin, C., and Morita, C.T. (2010). Cytokine require-
ments for the differentiation and expansion of IL-17A- and IL-22-producing
human Vgamma2Vdelta2 T cells. J. Immunol. 184, 7268–7280.
O’Brien, R.L., Roark, C.L., and Born, W.K. (2009). IL-17-producing gamma-
delta T cells. Eur. J. Immunol. 39, 662–666.
Immunity
IL-17 Controls Development of gdT17 CellsPeng, M.Y., Wang, Z.H., Yao, C.Y., Jiang, L.N., Jin, Q.L., Wang, J., and Li, B.Q.
(2008). Interleukin 17-producing gamma delta T cells increased in patients with
active pulmonary tuberculosis. Cell. Mol. Immunol. 5, 203–208.
Petermann, F., Rothhammer, V., Claussen, M.C., Haas, J.D., Blanco, L.R.,
Heink, S., Prinz, I., Hemmer, B., Kuchroo, V.K., Oukka, M., and Korn, T.
(2010). gd T cells enhance autoimmunity by restraining regulatory T cell
responses via an interleukin-23-dependent mechanism. Immunity 33,
351–363.
Powolny-Budnicka, I., Riemann, M., Ta¨nzer, S., Schmid, R.M., Hehlgans, T.,
and Weih, F. (2011). RelA and RelB transcription factors in distinct thymocyte
populations control lymphotoxin-dependent interleukin-17 production in gd
T cells. Immunity 34, 364–374.
Prinz, I., Sansoni, A., Kissenpfennig, A., Ardouin, L., Malissen, M., and
Malissen, B. (2006). Visualization of the earliest steps of gammadelta T cell
development in the adult thymus. Nat. Immunol. 7, 995–1003.
Puel, A., Cypowyj, S., Bustamante, J., Wright, J.F., Liu, L., Lim, H.K., Migaud,
M., Israel, L., Chrabieh, M., Audry, M., et al. (2011). Chronic mucocutaneous
candidiasis in humans with inborn errors of interleukin-17 immunity. Science
332, 65–68.
Ribot, J.C., deBarros, A., Pang, D.J., Neves, J.F., Peperzak, V., Roberts, S.J.,
Girardi, M., Borst, J., Hayday, A.C., Pennington, D.J., and Silva-Santos, B.
(2009). CD27 is a thymic determinant of the balance between interferon-
gamma- and interleukin 17-producing gammadelta T cell subsets. Nat.
Immunol. 10, 427–436.
Roark, C.L., Simonian, P.L., Fontenot, A.P., Born, W.K., and O’Brien, R.L.
(2008). gammadelta T cells: an important source of IL-17. Curr. Opin.
Immunol. 20, 353–357.
Romani, L., Fallarino, F., De Luca, A., Montagnoli, C., D’Angelo, C., Zelante, T.,
Vacca, C., Bistoni, F., Fioretti, M.C., Grohmann, U., et al. (2008). Defective
tryptophan catabolism underlies inflammation in mouse chronic granuloma-
tous disease. Nature 451, 211–215.
Shibata, K., Yamada, H., Hara, H., Kishihara, K., and Yoshikai, Y. (2007).
Resident Vdelta1+ gammadelta T cells control early infiltration of neutrophils
after Escherichia coli infection via IL-17 production. J. Immunol. 178, 4466–
4472.
Shibata, K., Yamada, H., Nakamura, R., Sun, X., Itsumi, M., and Yoshikai, Y.
(2008). Identification of CD25+ gamma delta T cells as fetal thymus-derived
naturally occurring IL-17 producers. J. Immunol. 181, 5940–5947.
Shibata, K., Yamada, H., Sato, T., Dejima, T., Nakamura, M., Ikawa, T.,
Hara, H., Yamasaki, S., Kageyama, R., Iwakura, Y., et al. (2011). Notch-Hes1pathway is required for the development of IL-17-producing gd T cells.
Blood 118, 586–593.
Shichita, T., Sugiyama, Y., Ooboshi, H., Sugimori, H., Nakagawa, R., Takada,
I., Iwaki, T., Okada, Y., Iida, M., Cua, D.J., et al. (2009). Pivotal role of cerebral
interleukin-17-producing gammadeltaT cells in the delayed phase of ischemic
brain injury. Nat. Med. 15, 946–950.
Simonian, P.L., Roark, C.L., Wehrmann, F., Lanham, A.M., Born, W.K.,
O’Brien, R.L., and Fontenot, A.P. (2009). IL-17A-expressing T cells are essen-
tial for bacterial clearance in a murine model of hypersensitivity pneumonitis.
J. Immunol. 182, 6540–6549.
Smith, E., Stark, M.A., Zarbock, A., Burcin, T.L., Bruce, A.C., Vaswani, D.,
Foley, P., and Ley, K. (2008). IL-17A inhibits the expansion of IL-17A-
producing T cells in mice through ‘‘short-loop’’ inhibition via IL-17 receptor.
J. Immunol. 181, 1357–1364.
Stark, M.A., Huo, Y., Burcin, T.L., Morris, M.A., Olson, T.S., and Ley, K. (2005).
Phagocytosis of apoptotic neutrophils regulates granulopoiesis via IL-23 and
IL-17. Immunity 22, 285–294.
Sumaria, N., Roediger, B., Ng, L.G., Qin, J., Pinto, R., Cavanagh, L.L.,
Shklovskaya, E., Fazekas de St Groth, B., Triccas, J.A., and Weninger, W.
(2011). Cutaneous immunosurveillance by self-renewing dermal gammadelta
T cells. J. Exp. Med. 208, 505–518.
Sutton, C.E., Lalor, S.J., Sweeney, C.M., Brereton, C.F., Lavelle, E.C., and
Mills, K.H. (2009). Interleukin-1 and IL-23 induce innate IL-17 production
from gammadelta T cells, amplifying Th17 responses and autoimmunity.
Immunity 31, 331–341.
Takagaki, Y., DeCloux, A., Bonneville, M., and Tonegawa, S. (1989). Diversity
of gamma delta T-cell receptors on murine intestinal intra-epithelial lympho-
cytes. Nature 339, 712–714.
Turchinovich, G., andHayday, A.C. (2011). Skint-1 identifies a commonmolec-
ular mechanism for the development of interferon-g-secreting versus inter-
leukin-17-secreting gd T cells. Immunity 35, 59–68.
van de Veerdonk, F.L., Plantinga, T.S., Hoischen, A., Smeekens, S.P., Joosten,
L.A., Gilissen, C., Arts, P., Rosentul, D.C., Carmichael, A.J., Smits-van der
Graaf, C.A., et al. (2011). STAT1 mutations in autosomal dominant chronic
mucocutaneous candidiasis. N. Engl. J. Med. 365, 54–61.
Xiong, N., Kang, C., and Raulet, D.H. (2004). Positive selection of dendritic
epidermal gammadelta T cell precursors in the fetal thymus determines
expression of skin-homing receptors. Immunity 21, 121–131.Immunity 37, 48–59, July 27, 2012 ª2012 Elsevier Inc. 59
